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Abstract. ATLAS results are presented on a search for flavor-changing neutral currents (FCNC) in top quark
decays at the LHC. Events are searched for where a pair of top quarks is produced and one decays through the
Standard Model t → Wb mode while the other decays through the FCNC mode t → qZ. Leptonic final states are
used in which both the W- and Z-bosons decay leptonically, yielding final states with three leptons and two jets.
The observed events are consistent with the expected backgrounds from Drell-Yan and diboson production and a
limit on the FCNC branching ratio of top quarks to qZ is set.
1 Introduction
If anomalous top-quark couplings exist, this would affect
production and/or decay processes at hadron colliders, such
as the LHC. A rare top-quark decay is that which occurs
via FCNC. These decays are highly suppressed in the Stan-
dard Model (SM), consequently observation of such a de-
cay would be suggestive of new physics.
A search was done for tt¯ pairs with one top quark de-
caying through flavor-changing neutral currents (t → qZ)
and the other through the SM dominant mode (t → bW).
Only the leptonic decays of the W- and the Z-bosons are
considered signal. The main background sources are ZZ
and WZ events, which include three charged leptons in the
final state, and were estimated with Monte Carlo (MC) si-
mulation. Backgrounds with one, two, or three fake lep-
tons, were estimated by data-driven (DD) methods [1].
2 Data samples
The search for FCNC top quark signals was done in
√
s =
7 TeV pp-collision data taken by the ATLAS experiment
between March and June 2011. Only the periods in which
all the sub-detectors were operational were considered, re-
sulting in a data sample corresponding to a total integrated
luminosity of 0.70 fb−1, with an estimated uncertainty of
3.7% [2].
3 Monte Carlo simulation samples
MC simulation samples of top quark pair production, with
one of the top quarks decaying through FCNC to a Z boson
and the other top quark with a SM decay, were generated
with TopReX [3].
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4 Object definition
After offline reconstruction, extra requirements were applied
to the reconstructed objects.
Muons were required to have pT > 20 GeV, |η| < 2.5
and a distance ∆R > 0.4 to the closest reconstructed jet
with pT > 20 GeV. Only muons with a good track quality
were considered. Isolation requirements were also applied
to the candidate muons: the sum of the transverse momenta
of the tracks inside a cone of size ∆R = 0.3 around the
muon had to be less than 4 GeV and the energy deposited
inside a cone of size ∆R = 0.3 around the muon (ignoring
its energy) to be less than 4 GeV.
Electrons were required to be isolated such that the en-
ergy deposited inside a cone of size ∆R = 0.2 around their
direction was less than 3.5 GeV. Electrons were additio-
nally required to have ET > 20 GeV. Only electrons with
|η| < 2.47, excluding the crack region 1.37 < |η| < 1.52,
were selected, and jets with their axis within ∆R < 0.2
from the electron direction were removed.
Jets were reconstructed with the anti-kt algorithm (R =
0.4) starting from topological energy clusters in the calorime-
ter at the electromagnetic scale appropriate for the energy
deposited by electrons or photons [4]. Jets were then ca-
librated with MC simulation-based pT - and η-dependent
correction factors to restore the full hadronic energy scale.
Only jets with pT > 20 GeV were considered.
The missing transverse energy (EmissT ) was calculated
[5] from topological clusters calibrated at the electromag-
netic scale and corrected according to the energy scale of
the associated object. Muons, which are not primarily mea-
sured by the calorimeter, were included in the EmissT calcu-
lation using their momentum measured in the tracking and
muon spectrometer systems.
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Fig. 1. Distributions obtained with the t → qZ analysis after the
preselection. Transverse momentum of the leading lepton (top
left), reconstructed mass of the two leptons with same flavor and
opposite charge (top right); EmissT (bottom left) and number of jets
(bottom right), are shown. The background uncertainties shown
include the MC simulation statistical uncertainties and the DD
uncertainties. The signal distributions are normalized to the ob-
served BR limit, at 95% CL.
5 Selection, reconstruction, and analysis
of events
5.1 Event preselection
Events were required to pass the single lepton trigger (elec-
tron with pT > 20 GeV or muon with pT > 18 GeV),
and have at least one primary vertex with more than four
tracks. Events with three isolated leptons were selected,
with all three leptons matched to the same primary ver-
tex. The transverse momentum of the leading lepton and
the other two leptons were required to be > 25 GeV and
> 20 GeV, respectively, with |η| < 2.47 (|η| < 2.5) for elec-
trons (muons). Furthermore, events were required to con-
tain at least two leptons of the same flavor and opposite
charge. The preselection was completed by requiring that
the reconstructed mass of one lepton pair with the same fla-
vor and opposite charges should be within 15 GeV of the
known Z-mass peak. Distributions of the relevant variables
obtained after these cuts are shown in Figure 1.
5.2 Event reconstruction and final selection
The event selection was completed by requiring at least
two jets, with |η| < 2.5; the transverse momentum of the
leading (sub-leading) jet had to be > 30 GeV (> 20 GeV)
and EmissT > 20 GeV.
Energy conservation was applied to reconstruct the kine-
matics of the top quarks. The longitudinal component of
Table 1. Number of selected data events, expected number of
background events (ZZ and WZ events estimated from MC simu-
lation samples and DD estimations for 1 and 2+3 fake leptons)
and the estimated signal efficiency (multiplied by the correspon-
ding W- and Z-bosons’ BRs), after the final selection. The corres-
ponding statistical uncertainties are also shown.
ZZ and WW 2.4 ± 0.3
1+2+3 fake leptons (DD) 0.0+1.8−0.0
Expected background 2.4+1.8−0.3
data 2
Signal efficiency (0.209 ± 0.004) %
the neutrino momentum (pνz ) was then determined, together
with the choice for the jet and lepton combination, by mi-
nimizing the χ2 as defined in Equation 1:
χ2 =
(
mrecojalalb−mt
)2
σ2t
+
(
mrecojblcν−mt
)2
σ2t
(
mrecolcν −mW
)2
σ2W
+
(
mrecolalb−mZ
)2
σ2Z
(1)
where mrecojalalb , m
reco
jblcν
, mrecolcν , and m
reco
lalb
are the reconstructed
masses of the top quark decaying through the FCNC de-
cay, the top quark with SM decay, the W-boson from the
top quark with SM decay, and of the Z-boson from the top
quark with FCNC decay respectively. The following va-
lues were used for the constraints: mt = 172.5 GeV, mW =
80.4 GeV, mZ = 91.2 GeV, σt = 14 GeV, σW = 10 GeV
and σZ = 3 GeV. For each jet and lepton combination (the
Z-candidate built from two leptons of same flavor and op-
posite charges) the χ2 minimization gives the most proba-
ble value for pνz . From all combinations, the one with the
minimum χ2 was chosen, along with the corresponding pνz
value. The reconstructed W-boson mass was then required
to be within 30 GeV of the W-mass peak and the recon-
structed top quark masses to be within 40 GeV of the top
quark mass. Table 1 shows the number of data events, the
number of expected background (described in Section 5.3)
events and the signal efficiency after the final event selec-
tion.
5.3 Background estimation
The main background comes from ZZ and WZ events which
have three charged leptons in the observed final state, and
were estimated with MC simulation. Backgrounds in which
a jet is reconstructed as a lepton (such as WW and leptonic
tt¯ events) were estimated at the preselection level with si-
mulation samples and at the final selection with DD me-
thods. Events with two (such as W+jets and single lepton
tt¯ events) or three (such as QCD multi-jet and hadronic tt¯
events) jets faking leptons, were estimated by DD methods.
For the estimation of the Z+jets in the FCNC signal re-
gion, at the preselection level a DD method was developed,
similar to the one used for the ATLAS tt¯ cross-section
measurement [6]. This method uses a control region in
the (EmissT ,mll) plane, by selecting events with two leptons,
EmissT ≤ 20 GeV and |mZ − mrecoll | < 15 GeV. The Z+jets es-
timate in the FCNC signal region is then simply the num-
ber of simulation Z+jets events in the signal region scaled
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by the ratio of data events (reduced by the MC simulation
expectation of other backgrounds) to the number of simu-
lation Z+jets events, both counted in the control region, as
shown in Equation 2.[
NDataZ+jets
]
Signal Region
=
[
NData−NMCother bkgs
NMCZ+jets
]
Control Region
×
[
NMCZ+jets
]
Signal Region
(2)
The remaining backgrounds, at the preselection level, with
one fake lepton were estimated using MC simulation.
To estimate the contribution from the QCD multi-jet,
W+jets, single top and tt¯ single lepton decay events, in
which two or three jets were reconstructed as leptons (2+3
fake leptons) a DD method was developed. Due to the re-
quirement that two leptons should have the same flavor and
opposite charges, the yield from these backgrounds can be
extrapolated from the number of observed data events with
three leptons with the same charge. Taking into account the
possible charge and flavor combinations, there are 36 com-
binations of three leptons, from which two must have the
same flavor and opposite charges and 16 combinations of
three leptons with the same charge. The extrapolation fac-
tor is thus f = 36/16 . No data event passed the selection af-
ter requiring three leptons with the same charge. Using MC
simulation samples, 0.0+1.6−0.0 events were predicted, which is
consistent with the DD method.
For events with one jet misidentified as a lepton and
two real leptons with opposite charges (one fake lepton)
different methods were developed. Not applying the EmissT
requirement would give the same number of data events.
This result is a sign of a very low contamination from
Z+jets events, which concentrate in the low EmissT region.
For the tt¯ dileptonic, WW, and single top Wt production
channels, background estimates were made by comparing
the event selection with all three leptons passing the tight
criteria, as in the reference analysis, with the event selec-
tion with two tight leptons and one lepton with loosened
cuts. No additional events were not observed, indicating
that the background from these channels has a very low
yield. The predicted number of events from these back-
grounds using simulation samples are 0.0+2.6−0.0, 0.0
+0.02
−0.00, and
0.0+0.02−0.00 for Z+jets, tt¯ dilepton and single top Wt-channel
production, respectively. These results further confirm the
DD method.
5.4 Limit evaluation
Good agreement between data and background yields was
observed, as shown in Table 1 for the final selection level.
No evidence for the t → qZ decay was found, and 95%
CL upper limits on the number of signal events were de-
rived using the modified frequentist likelihood method [7].
These limits were evaluated using 105 pseudo-experiments
of the expected signal and background samples and were
converted into upper limits on the corresponding branching
ratio (BR) using the approximate NNLO calculation, and
uncertainty, for the tt¯ cross section (σtt¯ = 165+11−16 pb), and
constraining BR(t → bW) = 1 − BR(t → qZ). Statistical
and systematic uncertainties were taken into account. Sys-
tematic uncertainty effects were implemented assuming a
Gaussian distribution. Table 2 shows the observed and ex-
pected limits together with the ±1σ bands.
Table 2. The observed 95% CL upper limits on the FCNC top
quark decay t → qZ BR are shown. The expected values with the
±1σ limit, which include both the statistical and the systematic
uncertainty contributions, are also presented.
observed (−1σ) expected (+1σ)
stat. uncertainty only 1.06% 0.78 % 1.22 % 1.94 %
stat. + syst. uncertainties 1.13% 0.83 % 1.30 % 2.09 %
Table 3. Present experimental 95% CL upper limits on the BR of
the FCNC top quark decay channels (list is not exhaustive).
LEP HERA Tevatron ATLAS
BR(t → qZ) 7.8 % 49 % (tuZ) 3.2 % 1.1 %
6 Conclusions
A search for the t → qZ decay process was performed by
studying top quark pair production with one top quark de-
caying according to the SM and the other according to the
FCNC: tt¯ → bWqZ. No evidence for such a signal was
found. An observed limit at 95% CL on the t → qZ FCNC
top quark decay BR was set at BR(t → qZ) < 1.1 %, as-
suming BR(t → bW)+BR(t → qZ) = 1. The observed limit
is compatible with the expected sensitivity, assuming that
the SM describes correctly the data, BR(t → qZ) < 1.3%.
Other experiments at LEP, HERA, and Tevatron accelera-
tors have set experimental limits on the BR of this FCNC
top quark decay. See Table 3. The limit presented here is
the best direct measurement available.
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